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CHAPTER 1

INTRODUCTION TO AIRCRAFT PERFORMANCE
ANALYSIS AND TESTING
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\Aircraft performance, in its most general sense, can be defined as the
flight achievements an aircraft must execute for successful mission
accomplishment. Obviously, expected performance parameters must be an
integral part of the design process of an aircraft. Given certain performance
expectations hy the customer, the designer must make decisions regarding wing
loading, power plant selection, airfoil selection, planform configuration, and
myriad other considerations. All of these help to tailor the design to give
the aircraft certain desired performance characteristics.

It is also certain that actual performance characteristics will not
always be the same as those predicted by the designer. BHerein lies the need
for performance flight testing. Performance flight testing is defined as the
process of deterrining aircraft performance characteristics, or in a more
modern sense, evaluvation of the energy gaining and losing capability of the
aircraft, ~e=-—0— _

Determination of aircraft performance parameters, whether expected or
actual, are dependent upon our knowledge of certain fundamentals in several
different scientific disciplines. In orxder to predict or measure an
alrcraft's performance, we must ke able to estimate the aerodynamic forces

~ involved, ‘This requires knowledge of the properties and behavior of the fluid
“medium in which we operate, i.e., the earth's atmosphere.

Therefore, we must study atmospheric science, fluid dynamics,
themmodynamics, subsonic aerodynamics, and supersonic  aerodynamics.
Performanoe prediction or measurement requires knowledge of the power plant/

.propulsion system characteristics of the aircraft. Hence, we must be familiar

,with‘the theory and operation of basic turbine and twrbine variant engines,

. reciprocating internal-combustion engines, and propeller theory. We must also
~understand the. basic measurements, instrumentation techniques, and equipment

in arder to gather the data needed to detemmine che various elements of an
aircraft's performance. Finally, we must have knowledge of the structural
limitations of the aircraft. :

Once we have a background an these various fields of study, we can begin
to answer questions about the aircraft's predicted or actual performance such
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How fast will the aircraft fly?

How high will the aircraft fly?

How far and/or how long will the aircraft fly on a load of fuel?
How much paylcad can the aircraft carry?

How long a runway is required for takeoff and landing?

How fast will the aircraft climb?

How expensive is the aircraft to operate?

What is the aircraft's maximum sustained turn rate?

These are only some of the most important questions that must be
answered,

We must determine the proper parameters to use in our analysis. As
stated earlier, this is dependent upon the type of propulsion system the
aircraft has. Reciprocating engines are normally rated in terms of power, and
therefore certain characteristics of propeller driven aircraft are given in
teoms of power required versus power available. Turbine engines are normally
rated in temms of thrust, and therefore it is more logical to analyze
performance characteristics in terms of thrust available versus thrust
required. Aircraft such as turboprops, turbofans, and rotary wing exhibit

‘same characteristics of both types of pwer plants and must be analyzed
accordingly.

Performance can be subdivided into steady state performance and
accelerated performance, Steady state performance chavacteristics are
normally determined by analysis of the basic thrust, weight, lift, and drag
forces inwolved in a quasi-equilibvium condition, i.e., where the velocities
and other flight path parameters are either constant or are changing so slowly

 that their rate of change can be neglected, For instance, top speed in level

flight occurs at the high speed intersection of either power required versus
power available or thrust required versus thrust available curves, depending
upon the propulsion system. Steady state rateofclinbxsdependentuponme
excess of power available over power required.

In accelerated performance analysis we must consider accelerations along

~and normal to the flight path in addition to thke bagic parameters used to

1.2
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determine steady state perfommance characteristics. Failure to consider ‘
accelerated effects can often produce misleading results. For -example, the Q
steady state absolute ceiling of an aircraft can actually be exceeded by an 35
accelerated maneuver known as a zoom climb in which there is partial ‘
conversion of the kinetic energy of the aircraft into potential energy, or
altitude.
Performance flight testing is conducted with several fundamental purposes
in mind other than determining the actual performance characteristics of an '
aircraft. In fact, it is also used to:
1. Determine if the aircraft meets specific contractual performance
guarantees, or hard performance requirements as specified in the
user generated Statement of Need (SON).
2. Provide data to construct aircraft flight manuals for use by
operational aircrews.
} 3. Determine techniques and procedures to be used by operational
(g aircrews to attain optimum aircraft performance.
) 4. Obtain research information to advance aeronautical science or to
develop new flight test technicues. _
; As aircraft become more and more technologically sophisticated, it is
almost certain that the future heralds the development of newer and better
methods of aircraft performance prediction and determinavicn. It is incumbent _
{ upon the experimental test pilot and flight test engineer to be in the 3
forefront of that development. Such expectations can begin to be realized
only if the test pilot and flight test engineer possess a working knowledge of
the material contained within this manual. ~

ey

e,




I P T P T e . . Thsptnee . R B LRI
e SR R X g AN g - . ) e AR
e AT T AP A TR T

1.4

e e 7 RS At &

4
! :
: 5

§

4

K

E

L ]

!




| ‘ - § |
MW

R e b MRS i S A




>
e T

.
v
@

it

2.1 INTRODUCTION

Aerodynamics is one of the branches of theoretical physics. The science
of aerodynamics concerns itself with the determination of the characteristics
of airflow past bodies of various shapes. Once the flow pattern has been
established, the aerodynamic forces acting on the body may be calculated.

The complex field of low speed (subsonic) aerodynamics--the bread and
hutter of aeronautical engineers for fifty years--essentially vanished from
thereseardxaxﬂdevelopnentscenewithimeadventofmeglmrous "space
age.” The last few years have seen a strong rebirth of interest in the field.
Under the pressure of still unsolved problems, new applications, increasing
requirements of both military and commercial vehicles, and VSTOL technology,
subsonic aerodynamics is once again becoming a major research endeavor.

~ Problems such as the prediction of wing stall, boundary layer control, and low

speed flying qualities loom as difficulties that the techniques and knowledge
of ten to fifteen years ago simply cannot handle,

Two essential ingredients of basic aerodynamics are the principles of
fluid dmamics and thermodynamics, Because this text is intended for the use
of flight test pilots and flight test engineers, these subjects will be
handled in a limited fushion.

2.2 THE ATMOSPHERE ~ BASIC PROPERTIES

The earth's atmosphere at sea level is a mixture of several gases. The
- approximate percentage by volume of the main constituents is 78% nitrogen, 21%
- oxygen, 0 to 4% water vapor, and traces of argon and other rare gases, Alnost
~all of the water vapor is oconcentrated in the lower ten miles of the
-atmosphere, Aside from - this concentration, tee mixtuve is practically -
- homogenaous up to about 50 miles. . Above this level, oxygen begins to
~ dissociate under the influence of ultraviolet radiation from the sun. At
- still higher levels, nitrogen also dissociates, ‘

“thare is no well defined upper limit to the atmosphere. Any upper limit

~is purely amitrary and depends solely upon the definition of properties
. vequired to constitute an atrmosphere. ' The atmosphere will be further
‘discussed and the standard atmosphere defined in Chapter 5.

2.1 771
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The aerodynamic forces and moments acting on an object are due primarily
to the properties of the air mass through which it is moving (2.1:1). The

usual properties which define an air mass will now be discussed.

2.2.1 Static Properties

Pressure is a measure of both speed and numbter of mclecules per unit
volune. In other words, pressure is the net result of all molecular motions.
The' static pressure of the air at vany altitude within the earth's atmosphere
is a result of the mass of air above that altitude. This mass of air under
the gravitational attraction of the earth has weight.

W =mng

Pressure is a property expressed in temms of force (weight) per unit area,
The symbol for pressure is P or p, and may be subscripted to indicate
measurements under various conditions or locations.

The most camon subscripts used throughout the textbock which apply to
pressure and all the other air mass properties are:

a = ambient conditions

t = test conditions

e = free stream conditions

SL = standard rea level conditions
) _1. 2, 3, 6t = Mic conditicins

2 2.2 Tarperatuxe
Tenperatiure is a measure of molecular motion., On an absolute scale,

temperature is meagured thearetically from that point where molecular motion
cexpes. There are two scales of absolute temperature: the Rankine and Kelvin
scales. The two more widely known temperature scales, based on the boiling
and freezing points of water, are the Fahrenheit and Centigrade scales. The
symbol . for tewperature is a capital T and may be accampanied by any of the
previoualy mentjoned subscripts. The Fahrenheit and Rankine scales. are

2.2
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related through the expression
| TR = TP + 459.67
Similarly, the relationship between Centigrade and Kelvin may be expressed as
% = 1% + 2713.15

Absolute temperature must always be used in engineering calculations.

2.2.3 Density
The density of air is perhaps the property of greatest importance in the

study of aerodynamics. Density is defined as mass per unit voluwe and is
symbolized by the greek letter rho (p). Density decreases slowly with
increasing altitude from the surface of the earth,

With respect to density, the field of aerodynarics is nommally divided
into two regimes: Incompressible Flow - flow at low velocities where changes
in density of the air may essentially be neglected, and Compressible Flow -
flow at velocities sufficiently high that density changes cannot be neglected
(2.1:65). Definition of the dividing velocity between the two regiines
requires that two other quantities cammonly used in aerodynamics also be
defined, :

Speed of sound (a) is a function of absolute temperature and is defined
by the relationship

a':‘Vle‘

Spead of sound is also called sonic velocity and is the velocity at which
snall disturbances are propagated through the atmosphere.

Mach (M) is a velocity divided by a characteristic speed of sound

.V
M::.-é-

Utilizing these definitions, we may state that the assumption of
incomprressible flaw is usually valid up to M = 0.3.
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2.2.4 Equation of State

For a large nuwber of problems in aerodynamics, air can be treated as an
ideal or perfect gas. A perfect gas is defined as one which is homogenecus,
contimious, and nomviscous. For a perfect gas, the properties temperature,
pressure, and density. are related by the equation of state

It should be noted that pressure, temperature, and density are point
properties and can have different values from one point to another. Thus,
Equation 2.1 relates those properties at a point., fThe R in Fquation 2.1 is
known from thermodynamics and the kinetic theory of gases as the gas constant,
Equation 2.1 closely describes the behavior of the atmosphere in the lower

layers and is an adequate rmadqnsﬁp for the portion of the atmosphere where

aircraft performance data .s of interest. However, when pressure is reduced

to such a degree that the number of molecules in a given area is reduced to a
point where uniform pressure no longer exists, Bquation 2.1 is no longer
valid. Because of the rarity of the atmosphere and the change in the mean
molecular weight of the air due to dissociation, Equation 2.1 as given is not
valid above 55 miles.

Three important ratios are used in aerodynamics for atmospheric
property relationships. These ratios relate the ambient static property value
to the sea level standard property value. They are

P
§{delta) = a pressure ratio (2.2)

PsL
Ta
7 temperature ratio (2.3)
SL

oltheta) =

0 .
ofsigua) = ‘B-z-n density ratio ' {2.4)
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Through the Equation of State, Equation 2.1, it can be determined that

§ = o8 (2.5)

2.2.5 Velocity .
Velocity is a measure of the motion of a fluid., WVelocity is a vector

quantity and has both magnitude and direction, and is also a point property.

2.2.6 Viscosi

Early aerodynamic theory neglected the fact that air is a viscous fluid.
For many of the problems in aerodynamics, air may be treated as if it were, in
fact, an inviscid fluid. However, for flow ‘very close to an object in a
region termed the boundary layer, the effects of viscosity must be accounted
for. An in-depth discussion of wviscous flow, including definitions of
viscosity and the boundary layer, is found in Section 2.7 of this chapter.

Standard sea level values of the fundamental properties of air are
summarized in Table 2.1.

TABLE 2.1
STANDARD SEA LEVEL PROPERTIFS OF AIR

Property Symbol Value (English) | Value {SI)
Pressure P 2116.22 1b/£t2 1.01325 x 10° N/m®
Tenperature T 59° F (519°R) 15°C (288.15%)
Density o 0.0023769 slugs/£e 1.2250 kg/m’
Sonic Velocity a 1116.4 ft/sec 340.3 m/sec
Viscosity u 1.2024 x 1077 lb/ft sec 1.7694 x 10™° kg/m sec
Gas Constant R - 1716 £t lb/slug %R 287 J/kg °k
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2.3 TECHNICAL NOTATIONS AND DEFINITIONS

In the field of aerodynamics, certain terms are so frequently used that
they have becare part of the flight test vocabulary. Definition of many of
the terms is also necessary to facilitate discussion of certain concepts in
the remainder of this chapter and the rest of the textbook.

Ambient conditions (subscript a) are static atmospheric conditions which
are normally the same as.the corresponding free stream conditions,

Free stream conditions (subscript =) are atmospheric conditicns measured
remotely (theoretically an infinite distance) from an aerodynanuc body
which are out of the body's influence.

Dynamic pressure (q) is defined as

g & 3oV

where o is density and V is true velocity.
Equivalent Alrspeed (Ve) is defined as

o

warevmtmeaixsp&d&ﬁaisdensit}*mtio'

Pressure coofficient (C, or 8P/qQ) is definad as
_e-r,  P-®,
LIS

or alternatively | ]

3
m

i)
P we

umpisﬁwmucpmsumatmpmntmd\;sunmuocf
specific heats.

A streamnne is a line whose tangent at any point represents the
direction of the instantaneous velocity vector. In steady flow,

2.6
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streamlines do not change with time, since succeeding particles follow
the same path as that of previous paxzticleS (2.1:234).

Critical Mach (M is the aircraft flight Mach at which the air flowing

over some part df <¢he aircraft first reaches sonic velocity city and
shock waves begin to form on the aircraft at this point.

2.4 AERODYNAMIC FLIGHT REGIMES

There are many assumptions that can be made to simplify the very camplex
general aerodynamic flow problem. For low subsonic Mach, it can be assumed
that air is an ideal, nonviscous, and incawpressible gas. Using these
assuptions, many two- and three-dimensional aerodynamic problems can be
solved, These ideal subsonic solutions can often be modified to show the
effects of viscosity (Reynolds number effects) and effects of campressibility

(Mach effects),
{ For flow next to a surface, the viscosity of the air must be considered.
i‘ _- { Viscosity plays an important part in aexodynamic flow separation, stalls, and

in the computation of skin friction drag.

For supersonic flow, air can be considersd to be an ideal, nonviscous,
but compressible gas., Using these assmptions, which are valid for £low away
from surfaces, pressure distributions can be caloulated for many aerodynuic
4 ' _ The transonic flight regime is extremely camplicated. Both subsonic and

supersonic flows exist simuitancously. The interaction between these two
types of flow plus the viscous effects on the aircraft surface creata a

condition that defies direct mathematical analysis. There are several

; definitions of the transonic speed ramge; howaver, the most useful is that it
begins when sonic flow (Mach 1.0) first occurs scuswhers on the aircraft asd

ends when the flow is essentially supersonic. |
Analysis of hypersonic flow requires a knowledge of all the above flight
§ regimas. The high tenperatures and low densities asscciated with hypersonic

. flow also require the consideration of air as a non-ideal, rarefied gas. Heat
transier effects which are negligible for subsonic, transonic s, and supersouic 3

~ flow must also be considered above Nach 5.0. |
The Flight Regimes may be categorized as shown in Table 2.2.

2.7
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TABLE 2.2

FLIGHT REGIME DEFINITION

Flight Regime Mach Range
Subsonic 0 <M<M, (z0.7)
Transonic 0.7 <M< 1.2
Supersonic 1.2 <M< 5.0
Hypersonic 5.0 < M

2.5 FLUID FLOW EQUATIONS

We must now investigate the effect that velocity has on the static
properties of air. As a fluid moves, we shall examine the changes that take
place in its properties along a streamline by using a device known as a
venturi tube which is illustrated in Figure 2.1.

V. o mym v,

p S R—
—————

— v T e,
® ®

FIGURE 2,1. FLOW OF AIR THROUGH A VENIURI

From the law of conservation of mags, what enters the tube at Station 1
rnust exit at Station 3. The mass flow rate can be represented by the product
pAV at any station, Therefore, since mass is conserved,

Pyd Yy = RV ey Ay Yy (2.6)

2.8




For the same mass of fluid to pass Station 2 as Station 1, the velocity and/or
density must increase because the area has decreased. Considering the
incompressible case where density is constant, Equation 2.6 between Stations 1
and 2 is

A1 Vl = AZ V2 (2.7)

Solving this relationship for Voo

(2.7}

Since A is larger than Ay, V, must be greater than Vi by the ratio A1/A2
This fundamental relationship (Equation 2.6 or 2.7) is known as the continuity
equation. The relationship holds true for the compressible case and can be
written for any two stations in the flow, If the average fluid properties for
all streamlines far upstream are used, the relationship is also true across
all streamlines in the flow., This principle also illustrates that for
subsonic flow, the velocity is least where the streamlines are far apart, and
as the velocity increases, the streamlines are closer together.
From Newton's Second Law

Fema | (2.8)
we can derive a relationship knocwn as the Buler or nmentwn equation,
dp = - pVdV ' (2.9)

The derivation of this equation may be found in Appendix F, | 3
_ This eq\gtim can be integrated between two puints along a streamline for
an inconpressible, inviscid flow to yield '

%

v
¥ (2.10)

1 _ .
Pp ¥ 0y 37 TPt 0y




Since the Points 1 and 2 were completely arbitrary choices, the same equaticn
must apply to corditions at any other points, therefore

V2

P+ = constant (2.10)

This equation yields the relationship between pressure and velocity between
any two points along a streamline in an incompressible, inviscid flow. The
relationship does not hold true for cawressible flow. However, we can
integrate the Euler equation to get a more complicated relationship which does
hold true for compressible flow when we have not assumed constant density for
the integration process.

Another way to derive the Bermoulli equation, as this relaticaship is
called throughout the literature, is to consider the flow from an energy
standpoint.

We know fram basic physics that the kinetic energy of a substance can be
represented as

KE = 1/2 mv? (2.11)

Since density (p) is defined as mass per unit wvolume, we can represent the
kinetic energy of a wiit volume of a flowing fluid by the relationship

& = 1/2 oV (2.12)

The potential eneryy in a fluid can be thought of as the stztic pressure at
some particular point. From the law of conservation of energy, we know that
energy must be oconserved as we move along a streamline through the venturi
- tube., Althoush there are other furms of energy, we need to cchsider only the
potential eneryy due to the static pressure at a point along the streamline
~and the kinetic enexrgy due to a point mass of air moving along the streamline.
Therefore, we can say that

Total Bnergy (TE) = Potential inergy (PE) + Kinetic Energy (KE) (2.13)
" and nust remain coiistant as we move from Station 1 to Station 2. We already

2,10
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know that the velocity increased in moving fram Station 1 to Station 2 from
the derivation of the equation of continuity., Therefore, as the velocity
increases along the streamline, the static pressure must decrease for the L
total energy to remain constant. P

The kinetic energy term in Bquation 2.10 is 1/2 oV2. This is the P
relationship previously defined as dynamic pressure and given the symbol q.
Therefore, potential enexgy (static pressure} plus kinetic energy (dynamic
pressure) is equal to a constant along a streamline. This constant value is :
texmed the total pressure of the flowing air. This concept of total pressure b
is very important for compressible flow, and relationships for its use in this
context are presented in Chapter 6. ',

1 The energy equation is needed to cawplete our inventory of basic
equations of fluid flow, However, it is needed only for the cawpressible flow
case and uses basic thermodynamic relationships. The thermodynamic P
_ relationships needed for compressible flow and the energy eguation are

% ( discussed in Chapter 6, Supersonic Aerodynamics,

2.6 AERODYNAMIC FORCES

| The fluid properties p, p, T, and V which have been defined and discussed
' fully define a €low field. The most practical consequence of the flow cver an
cbject is the generation of aerodynamic forces. These aerodynamic forces
exerted by the airflow on the surface of an object immersed in. an airstream
stem from only two sources: - L

1. Pressure distribution on the surface
2. Shear stress distribution (friction) on the surface i

Presgure exerted by the air on the swface of a solid ‘object always acts
‘normal to the surface. This surface pressure varies with location. . The net
unbalance of the varying pressure distribution over the surface creates an
asxodynamic force. This resultant aerodynamic force is usually resolved into
two ccponents:  one perpendicular to the relative wind and known as lift; the
other parallel to the relative wind in the direction opposite to the aircraft
motion, known as dragy. The lift force is discussed in Chapter 3, |
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The shear stress, t, is defined as the force per unit arez acting
tangentially on the surface due to friction. Shear stress is a point property
and varies along the surface. The net unbalance of the surface shear stress
distribution also creates a drag force on the body. So we see that pressure
distribution contributes to both lift and drag on a body, but shear stress
distribution contributes only to the drag force. Drag is fully discussed in
Chapter 4.

Although the pressure and slear stress distributions are the primary
source of aerodynamic forces, there exists a functional relationship with
respect to the properties of the fluid and the properties of the body immersed
in the fluid.

2.6.1 Dimensional Analysis (2.2:224, 225,

One camon method used to obtain functional relationships between aero-
dynamic parameters is to use dimensional analysis. Data fram two or mcre
different enviromments may be compared if ‘"dynamic similarity" exists.
Dynamic similarity exists if appropriate dimensionless parameters are the same
in two or more geametrically similar flow systems.

As the name implies, we are interested in dimensions fundamental to our
study, i.e., mass (M), length (L), and time (T). To extend the analysis into
the hypersonic regime, we would also have to include temperature, but we will
_confine our study to velocities less than hypersonic. The object of our
endeavor is to obtain the moet significant and independent dimensionless para-
meters for the particular physical system. One fact that must be noted is
that we. camnot detemine how one dimensionless parameter will vary with
another, only how to organize cur experiments and plot our experimental data.

206.2 Bucki!ﬂ m L4 mm(2.2:2.24. 2025) i

_ The-basis for the dimensional analysis technique is the Buckingham n
Thaorem, - &ciung&mq:ecuhtedﬂutforumnu\rofvariamesinanyequation
sudxas

Ry Xy Xyees Xyl = 0 o (2.14)

mmkm&mmmsmeomemmmms,
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then the equation may be expressed by a minimm of N-k independent
dimensionless groups. The total mumber of dimensionless groups is

NI
(k+1DI N-k=-1)1]

(2.15)

These independent grcups are designated Y '"2' Tar eeer My Bach of these
groups (N-k) will consist of k quantities in common called repeating
variables. These repeating variables must include all of the k fundamental
dimensions. For a fluid system, the most significant groups will result if
the repeating variables are chosen such that one is a geametric
characteristic, one is a fluid property, and one is a flow characteristic.
When the repeating variables are chosen, each one of the remaining original
quantities is included with each one of the = groups. In order that the =
groups be dimensionless, any one gquantity in each may app2ar to the first
power, and the others will appear to same unknown power which must be found.
These powers are found by equating exponents of like fundamental quantity and
solving using simultaneous equations.

The resultant aerodynamic force at a set angle of attack is a function of
density, velocity, reference area, coefficient of viscosity, and speed of
sound, or :

£(F, 0, V, S, 'u. al] = 0 (2.1_5)

Aecording to the Buckingham v Theorem, we have N = 6 variables of which there

are k = 3 fundamental quantities -~ mags (M), length (L), and time (T).
Meﬁore.ﬂnreareaminimmofu-ku3dimsimlessgxwps.andt:hetot:al
- number: of dimensionless groups is 15. we will designate the groups as Yy w
- andwa. Since we are concernad with aexcdynamics, we will pick as our k = 3
- repeating va:iables § for the gemetric charscteristic, o for our fluid
‘property, and V for our flow characteristic. Then ue may write

‘1 = £(S, OIv‘vt F)
1y = £45, 0, V, a)

2.13
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or

1, = £(S, o, V, u)
or considering only Ty
v =& P V° | (2.17)

Each of these variables must now be represented in terms of their
fundamental dimensions., These relationships are presented in Table 2.3.

TABIE 2.3
DIMENSIONAL ANALYSIS VARIABLES
Vvariable Dimension

s 12

m < v
2

o
2]

A
e

u : FrA 2

'Subst:ituung the fundamental dimensions into ijaation 2.17

v = A% P arh® enrd?
Recall that the «»'s were defined as dimensicnloss grmps Therefore,
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x = st ly2yp
or

£, = -F;-F

l [o)

In place of using LT which has little meaning, we can call this dimensionless
quantity = the force coefficient, CE‘ Therefore,

F
CF pVZS
Similarly, we can determine %, and 7y as the Reynolds number, Re' ard the
mh‘ Mo m‘.ls'
CP = f(Re.m {2.19)
For varying angle of attack
CI-‘ - f(Re, M, a) (2.193)

The dimensional analysis technique has only developed functional
relationships. However, the results are extremely useful., These functional
relationships will be used throughout the textbook to:

1. Present performance cmracteristicg in a practical manner
2. Minimize flight test verification testing

3. Facilitaw oomparison bsween different eu.rcraft or engine
configqurations

‘4. Develop standard day data reduction techniques

One important limitation should be kept in mind when using the results of
any dimensicnal analysis: the functional: relationships derived ave oinly as

"'.wummmwmu Eﬁammtulinpmtantvarublas'

 gpust be included, assumsd constants must stay constant, and limitations of
) 'aimliﬂiwumummmmlymwumthemwod

o mmmmmwmid&mhedewlopedbyﬁwuseof
dmmmmmmrmwmvzmmmwuucmumwm
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= = f(n, i’-—) (2.20)

ve

The parameter, F /8 which is engine thrust divided by pressure ratio, is
called a corrected thrust parameter, The parameter M is the Mach. The
parameter N/ V6 , which is engine revolutions per mimute (RPM) divided by the
square root of the temperature ratio, is called a corrected RPM parameter,
The functional relationship defined by Equation 2.20 has wide application in
performance flight testing., Two conclusions which can be drawn frem this

functional relationship and will be discussed in detail in Chapter 11, Cruise
Performance, are:

1. 1If at any two points in the operating emvelope the Mach and
corrected RPM parameter are the same, the corrected thrust
parameter will be matched, and

2. If test Mach and standard day Mach are the same (they always
are) and corrected RPM parametors are the same for test and
standard@ conditions (they are for optimmm cruise performance
missions flown at a constant weight~pressure ratio), then test

corrected thrust parameter is equal to standard corrected
thrustparmt_.er.

2.6.3 Tuning Flow
Another mathematical model for aerodynamic forces results when the force
required to twn a strwamtube in inconpreasible, nonviscous flow is examined.

Since the flgw shown in Figure 2.2 is nonviscous, the magnitude of vector V1

- V. ' (2.21)

R

W‘s sooond law can be written

TR womoav, - | | (2.22)

. smwmfw iammx:. 'an Wm for the mamitude of the force in

Bition 2.22 Gan be written a8 o
T Fe (AW . (2.23)
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FIGURE 2.2, TURNING FLOW MODEL

Fram the law of cosines

|9 = vy ar-ws o (2.25)

Substituting Equation 2.25 into Equation 2.23 gives

F = pAV Y20 - cos 0) (2.26)

which can be weitten using the definition of dynamic pressure as

F = 2qA V‘,Z(l - cos 6) (2.27)

The angle between the resultant aerodynamic force aad the vertical shown

in Figure 2.2 can be found graphically or by trigonametry to be 6/2.
Therefore, a mamentum analysis using Newton's second law such as the one
- Just performed can be used to determine a resultant aerodynamic force for any
“subsonic turning £low which can be similarly modeled. The geametry of the
parumlarﬂw will detenni.m_the area, A, axd turn angle 6, in Bquation
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2,27. This type of analysis gives good results for turning vanes and
deflected jets.

2.7 VISOOSITY

Small as it is, air viscosity plays a major role in aerodynamics.
Viscosity is normally thought of as associated with fluids or liquids. a
highly viscous liquid is a very sticky one which pours slowly. By camparison,
the viscosity of air is small. The failure of the early mathematical theories
to describe real flnid flows was due to the fact that the theory neglected
viscosity.

2.7.1 Coefficient of Viscosity

Suppose that a solid cube is attached at its hase to a surface, and a
force, F, is applied at its upper surface. The cube will deform slightly as
shown in Figure 2.3.
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For a solid, a "shear modulus" is defined in terms of a shearing stvess
divided by shearing strain or deformation. Thus,

shear stress

T ——
Shear Modulus, E = ~hear strain

But unlike a solid, a £luid will not sustain a shear under static conditions.
Fluids often act as if they were layered, with one layer sliding over another
and, by frictional effects, transmitting force to the adjacent layer. This is
called laminar flow. This condition analogous to the elastic cube is shown in
Figure 2.4.

s V et

FIGURE 2.4. LAMINAR FIOW MBCHANISM

As the upper face moves at a velocity, V + &V, it drags the lowexr face alonyg
at a velocity, V, due to the presence of shear forces in the element. The

difference in velocity, AV, th:ng the thicknéss of the element, Ay, is o
proportiuml to the viacoeity of the fluid, Thus, a proporticnality constant - -

u can be written as
ghear stiess

coetlotent of viswstty, u = Harge of velocTty/unit OcknBes

2.19
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shear stress T

slugs
vt RGHY g~ W T W% Hees (2.28

So the coefficient of viscosity is considered a dynamic shear modulus. It is
a measure of how easily one layer of a fluid slides over another layer, a

measure of the resistance to flow. Newton first saw this fundamental
relationship shown in Bquation 2.29. '

: = ug,y! (2.29)

where the coefficient of wviscosity, u, is the proportionality constant
relating shear stress to velocity gradient. Fluids for which Bquation 2.29
applies are called "Newtonian fluids" of which air is cne.

2.7.2 Nature of Viscosity : _

In a qas, viscosity is caused by a momentum exchange between adjacent
layers of molecules. The magnitude of the viscosity (or coefficient of
viscosity) for a perfect gas may be shown' by considering twe planes of gas
separated by a distance A, defined as the mean transverse distance that the
molecules travel betwsen collisiods as shown in Figure 2.5,

m—ets: i 4 AV

| PIGURE 2.5. TWO BLANES OF FLUID

' {rheh:wm-plammmovim_atamlocitydfvwmeupperplane:rmesa&
a velocity of V + AV, Due to molecular agitation, there is & sontinual inter-

2.20
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the lower plane are accelerated upon reaching the upper plane; however,
Newton's second law implies that there is an inertia force in a direction
opposite to this acceleration. Conversely, there is an inertia force in this
opposite direction due to the deceleration of molecules migrating to the lower
plane fram the upper plane. There results a shearing force per unit area
(shear stress) which is a function of the transverse mean molecular velocity,
the density, and the change in velocity.

Figure 2.6 further illustrates the mechanism by which viscous forces are .
developed. Consider two parallel streams of air having different velocities. L

2.21

Since the welocity of airstream A is greater than that of airstream B, the
monentum of the molecules in stream A is greater than the momentum in stream
B.
{
"
4 |  FIGURE 2.6. NECHANISM OF VISCOUS FORCE DEVELOPMENT
| Die to the random molecular motion, moleculos from stream A wander over
& . into stream B and vice versa, 'nmsamemn&-exofmlemnasgoﬁwhwnas
go from B €o A, 50 there is no net exchange of mass,
‘ . Maw:mwmwduwmmmimamsmgmwﬂm
) ' -_'rmammmwofummwawa. ™he molecules coming from
: - gtrean A tend to increase the velocity and momentum of streaxn B, while the
{ & - - . woleculss of strean B tend to decrease the velocity and mnentun of strean A.
i * The strean velocities adjacent to the interface between strewms A and B adjust
] % X "wmaveragawzlwity,asshmminﬁqurezn.unt:.lthc.:eisnodamti
i‘ @ : 'micyinvelwitybeuaenthetwstm
k
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FIGURE 2.7. DEVELOPED VELOCITY GRADIENT

The end result of this process is fully developed uniform flow as shown
in Figure 2.8.

e

i,

TG,

FIGURE 2.8, FULLY DEVELOPED UNIFORM FLOW

Thus, the me “anism that causes shear or viscous forces in a gas is
proportional to the time rate of change of momentum,

Viscous forces = P = é?(fxg!)_ {2.30)

ard since the net mass exchanged is zero (Vdm = 0),
F =3 &V = @V {2.31)

| ; 2.22
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Equation 2.31 shows that the viscous or shear force, F, is proportional to the
rate at which the molecules pass from one stream to the other.,

In a gas, temperature affects molecular activity. Shear stress is a
function of ‘the transverse mean molecular wvelocity, the density, and the
change in velocity. Fram Kinetic Theory of Gases, the absclute temperature of
a perfect gas iz directly proportional to the kinetic energy of its molecules,
and the coefficient of viscosity, u, is proporticnal to the square root of the
absolute temperature as shown in Equation 2.32.

ueyT (2.32)

Actually for air the coefficient of viscosity varies more closely with the
three-quarters power of the zbsolute temperature, For temperature in the
range of interest for flight test, 390° to 610°R, the coefficient of viscosity
may be expressed within +0.5 percent by the linear equation

b= (74.0 + 0.575 T}10~2 (2.33)

where T is tenperature %R {2.3:11).

If standard day tenperatures for sea level and 50,000 feet are inserted
into Equation 2.33, it will be found that the coefficient of viscosity charnges
only about 203 between these altitude extremes. Density, on the other hand,
changes about 87%. For this reason, the coefficient of viscosity is sametimes
called a ‘"weak" function of tamperature in the literature. Often in
acrodynamics it is taken to be a constant; however, this assumption nust be
made with caution. COontrawy to intuition, wviscosity is independent of
pressure, ' '

A liquid behaves in just the opposite way. Heating a liquid decreases
its viscosity. Liquid viscosity is a function of intermolecular attraction,
and the atiractive force between molscules decroases as the distance between
moleculss increases; consequently, the liquid wviscosity decreases. To
visualize this phenomenon, enwision what happens when wmaple syrup is poured on
hot pancakes. Maple syxup is wvery thick and hard to pour from a bottle (high

2.23
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viscosity). As soon as it touches the hot pancakes, it becames thinner and
flows easier (viscosity decreases).

Regardless of the mechanism by which viscous forces arise, whether from a
momentum exchange as in a gas or from intemolecular attraction as in a
liquid, they are manifested primarily as shear stresses transmitted between
the various layers of the fluid or between the flowing fluid layer and a solid
surface. Shear or viscous stresses normal to a surface are generally
considered negligible in gases.

Viscous effects are responsible for two important phenamena encountered
in the study of fluid flow. First, viscosity causes dispersing effects which
tend to dissipate all disturbances in a flow such as pulsations, vortices,
turbulence, jet wash, etc. An example is the reduction in the size of surface
waves on water as they travel away from their source. Second, viscosity is
primarily responsible for the formation of a boundary layer on the surface of
a solid bady in fluid flow,

2.7.3 Boundary Layer

The boundary layer is a thin sheet of retarded fluid immediately adjacent
to the surface of a body immersed in a flowing fluid. It is caused by the
shear stresses in the fluid which slow the molecules next to the surface to
zero velocity. Von Karman suggested that this condition of zero velocity at
the surface can probably be explained by the molecular or atomic structures of

~ the solid and the fluid, Both consist of particles, atoms or molecules., The
motion of the molecule in an airstream consists of a forward movion in the

stream direction, on which a random motion is suparposed. The atams of the
solid have a fixed mean position with empty spaces between. If the molecules
enter the empty spaces of the solid, they lose their forward velocity by
collision with the solid molecules; and, if they rebound, they return with
randam velocity without preference for any flow direction. Hence, Von Karman
concluded that the average welocity of the airflow right at the surface is
2ero, or equal to the velocity of the solid when the solid is moving (2.4:74).

This leads to an important conceptual point in theoretical aerodynamics:
a flow ileld can be split into two regions, one extremely thin region where

friction e important, namely in the bomiary layer near che surface, and

‘another regwx ot £ricumless ﬂw {otmetimes called potential £low) outside

A *
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the boundary layer. It has already been pointed out that the Bernoulli
equation can be applied anywhere in the flow field ocutside the boundary layer.
This concept was first introduced by Prandtl in 1904, and it rewolutionized
modern theorectical aerodynamics (2.5:116).
It can be shown experimentally and theoretir-lly that the pressure
through the boundary layer in a direction perpendicular to the surface is
constant. This is an important phenomenon. It is why a surface pressure
distribution calculated from frictionless flow through use of the Bernoulli
equation many times gives accurate results for the real-life (viscous) surface
pressures; it is because the frictionless calculations giwe the correct
pressures at the outer edge of the boundary layer, and these pressures are
transmitted without change through the thin boundary layer right down to the
surface. In Figure 2.9, on which the boundary layer thickness has been
greatly exaggerated for clarity, the static pressures at Points 1 and 2 are
4 the same.
? i. BOUNDARY LAYER
{
FIGURE 2.9, EXAGGERATED BOUNDARY LAYER THICKNESS (2.5:116)
:* The abowe statements are reasonable for slender aerodynamic shapes (like ,
% ~ fuselages and airfoils); they do not hold for regions of separated flow over &
)k ‘blunt bodies (2.5:116).
S0 as air flows over a body, a boundary layer is formed. At the surface, B
e } the velocity is zero. The viscosity of the fluid causes shear stresses which 3%
¢ vetard the velocity of the fluid near the surface. This shear stress &
S c decreages as distance from the surface increases until the viscous effects
? disappear and the velocity of the air becomes that of the free stream at the
E 2.25
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top of the boundary layer. A typical wvelocity profile through the boundary
layer is shown in Figure 2.10.
The characteristic features of the boundary layer velocity profile are:

1. A second-order curve shape indicating a decrease in wvelocity
near the solid body with an associated loss of momentum.

2. Zero velocity at the surface of the solid bcdy.

3. Ilocal free stream welocity at the top of the boundary layer.

: V= FREE STREAM VELOCITY

DISTANCE
FROM BODY
INTO STREAR

-

FIGURE 2.10. VELOCITY PROFILE IN THE EOUNDARY LAYER

s e T

The development of the boundary layer may be studied by periodically
injecting drops of dye into a uniform liquid stresm as it approaches and
passes over a flat plate as in Figure 2,11. To observe a gaseous boundary
layer, smoke may be injectad into the gas or small cotton tufts may be
attached to the surface to be studied.

Observing the resulting patterns, two characteristics common to the
g:w&xofanhwﬂarylayersaremd. '
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2. The velocity profile changes with increasing x distance.

DYE FREE STREAM _ TOPOF

INJECTION
POINT

FIGURE 2,11. DEVELOPMENT OF THE BOUNDARY LAYER

) The thickness of a boundary layer and velocity distribution in a boundary

P ( layer can often be predicted with a high degree of accuracy once the flow

' situation is completely described, that is, type of fluid, velocity of flow,

1 geametric shape, and physical cordition of the body, etc. This viscous flow

in the boundary layer will be of concern when skin friction drag is studied.

The concept of a nonvisoous fluid where all viscous effects occur inside the

; boundary layer will became clearer as aerodynamic problems are discussed and

the solutins of nonviscous problems are compared with experimental viscous
(real-world) results. '

2.7.4 Reynolds Number
The characteristics of a boundary layer in a flow depend on the combined

effects of velocity, density, viscosity, distance from the leading edge, etc,

The effect of the most important parameters is cambined into a dimensionless

parameter called Reynolds mutber, R, '

' The grouping of these tenns and the physical interpretation was first
. obsarved by Oshorne Reynolds, ﬁnrﬁmunq\unnityuasnmd. The Reyrolds
o mnhet is defined as
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Reynolds cbserved that when dye was injected into a fluid flow, a very
straight, fine line persisted for a certain distance downstream. At this
point, the flow became unsteady, causing the line to oscillate, until further
downstream the flow became violently disturbed, causing the dyeline to
dissipate completely.

From his experiments, he concluded that transition was directly related
to the quantity (p V 1)/u for the fluid. This conclusion was not immediately
cbvious to Reynolds; in fact, it took many years of research and contemplation
before he published his findings.

The flow prior to this transition is said to be laminar, that is,
consisting of specific lamina with no cross flow currents between lamina to
disturb the dye. The flow downstream of the transition is said to be
turbulent, oconsisting of random cross flow and rotational currents which
disperse the dye.

The transition region bitween these two conditions may be thought of as
being part laminar and part turbulent. The significance of these two types of
flow and their relaticnship to the parameter (p V 1)/u was probably not fully
realized by Reynclds. Howewer, the Reynolds number is very valuable when
determining the aerodynamic properties of an aircraft and when applying wind
tunnel data to full scale aircraft. The latter use is the reason that
Reynolds number is often called a scaling factor,

A better physical qrasp of the msaning of the Reynolds number is obtained
if it is viewed in tents of the forces acting on the f£luid of which there are
four's :

1. ~ Inertia forces

2 Viscous foxeces

4. Gravitational forces
Gravity usually has no noticeable influence on aerodynamic phencmena around a
wing or fuselage and is neglected. That leaves three other forces which must

ba‘lanaein'aﬁammum. The pressure force serves to balance the other
two forces. Thus, it is enough to consider the viscous and inertia Sorces.

2.28
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Reyno.ds postulated that the ratio of inertia forces to viscous forces was the
governing similarity parameter needed to relate the flow patterns about
geametricaily similar cbjects in different flow fields.

AMOMENTUM

INERTTA FORCES _ GNIT TIVE (2.35)
VISOOUS FORCES ~ SHEAR STRESS X GMIT AREA ¥

Remanber that shear stress, t = u QV/dy
A dimensional analysis of Equation 2.35 yields an important result.
let 1| = a characteristic length (like the distance back from the
' leading edge qr chord length for an airfoil)
V = a characteristic velocity of the flew
% p = amass density of the flowing fluid
- L L ’ i o= meff:.cmnt of vimity '

n = mass (oL)
t = time ww
azbst:itnt.mg themewuts m&s a;uatim 2. 35. :
| T T s
B R " LW - £V1

e NITAIME T S— , = R (2.36)
- GHEAR STRESS™ X UMIT AlGR =~ —av & {3 b @
(AR el S u a-y- A L S

_ L o o ’,sm:ss\ _ _
“Therefore, Reynoids muber = thnm 2 gg:m e 91‘?1 = Similarity paramotor 8

N ' R v:.smm.ty

Mtemu/oincauedkimucvismty.v.mdismnmusedmm
l\eymldsmmeremmtm Thus, R, = Vljv,

7This concept is helpful when trying ©o undorstand the flow situation
described by a Reynolds muber for- a laminar, transition, or turbulent
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boundary layer. It may be said that laminar flow results when the viscous
forces are large enough to overcome the oscillations caused by the dynamic
forces, that is, low Reynolds number. Conversely, turbulent flow occurs when
the dynamic forces become so large that they overcame the viscous damping
forces, resulting in cross flow or turbulence, that is, high Reynolds number.

Transition is directly a function of the Reynolds number. When
transition occurs in a certain measured distance, such as at R, = 530,000 for
flat, relatively smooth plates, this R, is called the critical Reynolds

muber, R . By increasing the velocity or density, or decreasing the vis-
€cr
cosity, transition will occur in a shorter distance because Re occurs

sooner. cx

It should be noted that the critical Reynolds number also deperds on two
other variables, namely the initial turbulence in the fluid and the roughness
of the surface over which the fluid is flowing,

2.7.5 Boundary layer Growth and Transition

Many aercdynamicists, mathematicians, and theoreticians have devoted
their lives to the study of the boundary layer phenomenon., One common goal
was to be able to predict transition and describe the wvelocity profile
throughout either a laminax or turbulent boundary layer on an cbject. Many
mathematical theories have been proposed, many experiments performed, and many
books, journals, amd reports written, ' Still, no single equation defines the
“general® boundary layer for any object. '

Without going into detail, simple equations for computing laminar and
turbulent boundary layer thicknesses will be presented o show the relative
sizes of both, However, a brief discussion of the difference between laminar
and turbulent flow is in ordex. In laminar flow, the fluid particles move

~along parallel streamlines with very little mixing. fThe only interaction

betwean layers is the random molecular motion throughout the fluid. A “£luid
particle* is considered to contain a very large mmber of molecules. (nly a
smll momentun exchiange occurs between layers in laminar flow since individual
molecules are involved.  However, shen the flow is twbulent, entire fluid

particles are interningled, causing a large mamentun exchange in the fluid.
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The understanding of laminar and turbulent flow and the contribution of
the Reynolds number to predicting transition can be used in this simple
discussion of the boundary layer. As might be anticipated from Reynold's
experiment, flow over a solid surface is ideally laminar until the Re is
reached (transition), after which the f£low becames turbulent. cr

The boundary layer grows thicker as the flow passes over the surface
(Figure 2.11), and has a characteristic velocity profile (Figure 2.10). The
shape and rate of growth of this velocity profile are dependent on whether the
flow in the boundary layer is laminar or turbulent.

As a flow with uniform velocity approaches and passes cver a smooth flat
plate as shown in Figure 2.12, a laminar boundary layer develops which grows
according to Equation 2.37 (2.1:311).

5. = 9e2X (2.37)

L ﬁ

61.. = laminar boundary layer thickness
x = the distance from the leading edge of the plate

R, = Reynolds nuwber based on the characteristic length, x

where

When the Reynolds number reaches the critical value, transition begins,
In the transition region the flow is neither laminar nor turbulent but is
mixed, with the lower portion being primarily laminar and the upper part being
primarily turbulent.

A region of partial separation sometimes occurs near the surface but
disappears once transition has been accomplished. - In effect, the transition
region is one in which the turbulent boundary layer is bom and the laminar
layer is shrinking to a fraction of its ariginal size. 'On an airfoil, .the
transition region decreases in size with increasing Reynolds nuwber. For
typical values of in-flight Reynolds nmber, the region is small encugh to be
zefe:mdwasﬂatrami.timpoint. : .
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FIGURE 2.12, BOUNDARY LAYER TRANSITION OVER A FLAT PLATE

After transition, a laminar boundary layer continues to exist as a small
sublayer next to the surface, with the velocity profile in the sublayer being
nearly linear with a very steep gradient. This laminar sublayer is only on
the order of one percent of the total boundary layer thickness (2.1:388).

A twrbulent boundary layer on a flat plate grows rapidly according to
Equation 2.38 (2.1:400).

6. m 037X

(2.38)
T (Ry) 5.2

where

6p = turbulent boundary layer thickness
x = the distance from the leading edge of the plate

R, = Reynolds number based on the charucteristic length, x

Experimental comparison of the rate of growth of the various types of
boundary layers has shown that the turbulent boundary layer grows roughly ten
times faster than the laminar boundary layer.

It should be noted that Bguation 2.38 applies only to a turbulent
boundary layer which has been turbulent effectively from the leading edge; if

ﬂxe’lgyarislaminarﬁoranamreciabledistm, the problem becames more
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coamplicated and x - ~t be measured fram some point between the leading edge
and transition (2.1:40ij).

Normally, for smooth flat plates or smooth airfoils, a laminar boundary
layer will initially form and transition to a turbulent boundary layer at the
critical -Reynolds mmmber for the flow conditions. However, many factors can
cause a turbulent boundary layer to initially form, e.g., surface roughness or
flow turbulence.

2.7.6 Velocity Profiles

The velocity profiles in laminar and turbulent boundary layers show a
very significant difference when the ratio of velocity in the boundary layer
over free stream welocity is plotted versus the percentage of the boundary
layer thickness as shown in Figure 2.13.
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FIGURE 2.13. BOUNDARY LAYER VELOCITY PROFILES ON A FLAT PLATE

The magnitude of the velocity in the turbulent boundary layer is much
greater than in the laminar boundary layer. The turbulent boundary layer has
considerably more energy in the lower levels near t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>